Introduction
Bio mass and ther mo plas tic ma te ri als con sti tute an im por tant frac tion of mu nic ipal solid waste. In twelve Eu ro pean coun tries the mu nic i pal solid wastes show an av er age com po si tion of 65% lignocellulosic ma te ri als and 15% poly meric ma te ri als. The res i dues pro duced by in ten sive ag ri cul ture in green houses are also a mix ture of veg e ta ble and plas tic ma te ri als, basically polyethylene and polypropylene [1] .
Im por tant amounts of ag ri cul tural and forestal res i dues are gen er ated which indus trial ac tiv i ties do not take ad van tage of and which could con sti tute an im por tant source of en ergy. Plas tic res i dues are not bio de grad able and only a small frac tion is re cy -cled by the in dus try in ques tion. Most of these prod ucts are bur ied in gar bage dumps and in some cases in cin er ated [2] , al though the re cy cling of these ma te ri als is now an important alternative to landfill.
More over, polyolefines show very con ve nient char ac ter is tics for use in the produc tion of com pos ite ma te ri als such as poly mers re in forced with nat u ral fi bers. The increas ing use of these ma te ri als poses some im por tant chal lenges for the ther mal treat ment of biomass-plastic mixtures.
Thermochemical re cov ery pro cesses al low the ob tain ment of com bus ti ble gases and/or en ergy. Gasi fi ca tion and py rol y sis do not crease the en vi ron men tal prob lems caused by in cin er a tion, al though the low en er getic con tent of the gas ob tained is a sig nif icant disadvantage [3] .
The ther mal de com po si tion of pine saw dust and other lignocellulosic res i dues has been stud ied in pre vi ous works, whim in di cate that the ther mal de com po si tion ranges from ap prox i mately 200 ºC to 400 ºC in an in ert at mo sphere [4, 5] . Nu mer ous stud ies on the ther mal de com po si tion of polyolefines and, in par tic u lar, poly eth yl ene have been carried out, es pe cially in vac uum or in ert at mo sphere [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Polyolefinic ma te ri als such as high den sity poly eth yl ene (HDPE) show a dif fer ent be hav ior to lignocellulosic ma te ri als. Un der py rol y sis con di tions, the ma te rial de com po si tion starts at ap prox i mately 400 ºC and pro gresses very rap idly up to 450-470 ºC with out pro duc ing solid res i due that could be used as com bus ti ble for sup ply ing en ergy to the global pro cess. The use of mix tures of bio mass with other fu els of greater en er getic con tent (coal or pe tro leum de rived) in these pro cesses (co-py rol y sis or cogasification) sub stan tially in creases the value of the gas produced and the ther mal ef fi ciency of the pro cess [23] . In ad di tion, the use of a mix ture of re new able fuel with fos sil or fossilderived fu els re duces the to tal CO 2 emis sions and the en vi ron men tal im pact.
Lit tle is known about in ter ac tions of plas tic with bio mass [24] . In prin ci ple, the pos si bil ity of a si mul ta neous deg ra da tion of bio mass and HDPE is ap par ently dif fi cult given the dif fer ent tem per a ture ranges of de com po si tion of each ma te rial. Dif fer ent thermogravimetric stud ies sug gest that, in gen eral, lignocellulosic ma te ri als de com pose at a lower tem per a ture than plas tic ma te ri als [3, [24] [25] [26] . The ther mal deg ra da tion of the lat ter starts once the lignocellulosic ma te rial has been com pletely con verted, im ply ing that no ap par ent in ter ac tion ex ists be tween the ma te ri als.
Some au thors how ever, us ing dif fer ent types of ex per i men tal sys tems have in dicated slight in ter ac tions, not yet well de fined, but re lated with the pres ence of char gen erated dur ing the bio mass de com po si tion and to the in ter ac tion of the com plex rad i cal mech a nisms of the deg ra da tion of both ma te ri als [26] . The main dif fer ences ob served are that the max i mum rate of de com po si tion of poly eth yl ene de creased and the cor re sponding tem per a ture was slightly higher. The prod uct dis tri bu tion was also af fected by the pres ence of bio mass char, the im por tance of this in flu ence de pend ing on the amount of char formed in the deg ra da tion of the lignocellulosic ma te rial [26] .
In this work, co-py rol y sis of high den sity poly eth yl ene (HDPE) and saw dust mix tures have been per formed in a fluidised bed re ac tor, and the in flu ences of the temper a ture on the prod uct dis tri bu tion and on the gas com po si tion have been stud ied, together with any syn er getic ef fect be tween the ma te ri als.
Experimental section

Materials
The re sults of the prox i mate and ul ti mate anal y sis of the pine saw dust used are shown in tab. 1. The par ti cle size was 0.25 mm.
The poly eth yl ene used in this work was HDPE (HOSTALEN GH 4765 by HOECHST) and the mean par ti cle size was 0.225 mm. 
Experimental techniques
Fig ure 1 shows a scheme of the lab o ra tory plant. A stain less steel fluidised bed re ac tor of 4.8 cm in di am e ter and 23 cm in height was used. The ma te rial bed was 0.25-0.27 mm sil ica sand with static bed depth of 8 cm. The av er age min i mum fluidisation ve loc ity of this sand was ob tained ex per i men tally, be ing equal to 2.2 cm/s. Poly eth yl ene and saw dust were fed con tin u ously into the bed us ing two pneu matic feeders at a rate of 1 to 2.2 g/min., and at a ra tio of ap prox i mately 1:1. The re ac tor was ex ternally heated us ing an elec tri cal ring fur nace. The bed tem per a ture was mea sured by a ther mo cou ple in side the bed. The HDPE py rol y sis and gasi fi ca tion was car ried out at bed tem per a tures of 640, 685, 730, 780, and 850 ºC. Ni tro gen was used as car rier gas and fluidising agent. The res i dence time of the gas in the re ac tor was be tween 1 and 2.2 seconds at the bed tem per a ture, tak ing into ac count the to tal gas flow pro duced.
The prod uct stream was passed through a cy clone to re move any par tic u late mat ter. The re sult ing stream of va pours was passed through a cool wa ter heat exchanger at 20 °C, where some heavy hy dro car bons were con densed (oil or waxes). The re main ing lighter com po nents were con densed us ing an ice-NaCl bath at -10 °C. The exit flow was di vided into two frac tions. The smaller frac tion was passed through two ice-NaCl condens ers at -10 ºC. Part of the flow from the con dens ers was col lected on line in a ny lon bag for anal y sis dur ing the ex per i ment. The du ra tion of the ex per i ments ranged from 14 to 31 min utes.
The gas frac tion was ana lysed by gas chro ma tog ra phy us ing an HP 5890 se ries II, with a semi cap il lary col umn HPPLOT/Al 2 O 3 , 50 m ´ 0.53 mm ´ 15 µm, and a mo lecu lar sieve 0.9 m ´3 mm packed with 45/60 mesh, us ing two de tec tors con nected in se ries: a Ther mal Con duc tiv ity De tec tor (TCD) and a Flame Ion iza tion De tec tor (FID). The concen tra tions of H 2 , N 2 , CO, and CO 2 were ana lysed by the TCD de tec tor whilst the rest of hy dro car bon com po nents from C 1 to C 6 were de tected by the FID.
Waxes and oils were col lected, weighed and ana lysed by GC/MS. For pur poses of anal y sis, the oil and waxes were first dis solved in tetrahydrofurane (THF). The gas chro ma tog ra phy mass spec trom e try con sisted of an HT-5 alu mi num clad col umn, 25m ´ 0.32 mm ´ 0.1 µm (non po lar), with a T max of 450 ºC. He lium was used as car rier gas with a flow rate of 1 ml/min. Sam ples of 1 µl were in jected, with a split mode (20:1). The high tem per a ture col umn en abled oven tem per a tures of 400 ºC to be reached, en sur ing that hy dro car bons up to C 60 could be ana lysed. In or der to check the pos si ble in flu ence of the tem per a ture dur ing the anal y sis of the re sults ob tained, an op ti mi za tion of the anal y sis sys tem was car ried out. A tem per a ture of 380 ºC was used for waxes, and 280 ºC for oils. No dif fer ences were ob served. More over, no for ma tion of ar o matic com pounds was observed, which oc curs at high tem per a tures and it is a symp tom of the deg ra da tion of the oil. A method of in jec tion sand wich was used, with higher reproducibility. The ion trap de tec tor had a mass range from 32 to 800 amu and was linked to a com puter with a WILEY li brary.
Experimental results and discussion
In or der to study the in flu ence of the mix ture, a se ries of pre vi ous ex per i ments with the pure com po nents were per formed. The re sults ob tained for pure HDPE, pine saw dust, and the mix tures are shown in tab. 2.
The anal y sis of the pos si ble syn er getic ef fects has been car ried out cal cu lat ing each prod uct or frac tion by av er age weigh from the re sults ob tained in the ex per i ments with pure saw dust and poly eth yl ene. The fol low ing for mula has been used:
where g i,calc is the calculated production of the compound i (g/100 g of feed) and g i,sawdust and g i,HDPE are the productions of the compound i in the experiments with sawdust and polyethylene respectively. The terms g sawdust and g HDPE refer to the amount (in grams) fed in the experiments with mixtures, the total weight being the sum of g sawdust and g HDPE .
The cal cu lated pro duc tion of each com pound or frac tion is com pared with the val ues ob tained ex per i men tally. These re sults are shown in tab. 3. The prod ucts gen erated in the py rol y sis of mix tures of pine saw dust and poly eth yl ene are sim i lar to those obtained in the py rol y sis of these ma te ri als sep a rately, al though dif fer ent amounts are observed.
The py rol y sis of poly eth yl ene gen er ates dif fer ent hy dro car bons, ba si cally a dis tri bu tion of ole fines and parafines of dif fer ent mo lec u lar weight and, de pend ing on the op er at ing con di tions, dif fer ent ar o matic com pounds. No ox y gen ated com pounds are ob served. As the op er a tion tem per a ture in creases, the rel a tive im por tance of the wax frac tion de creases, while there is a si mul ta neous in crease of the gas pro duc tion and the gen er a tion of ar o matic sub stances in the liq uid frac tion. At high tem per a tures the gas yield de creases slightly prob a bly due to the in crease of the gen er a tion rate of ar omatic com pounds. The anal y sis of the gas ob tained shows the pres ence of sig nif i cant amounts of eth yl ene, pro pyl ene and bu ta diene that do not ap pear in the py rol y sis of pine saw dust.
The py rol y sis of pine saw dust gen er ates chem i cal com pounds dif fer ent to those ob tained in the py rol y sis of poly eth yl ene. The com po si tion of the liq uid frac tion in cludes ox y gen ated com pounds: ace tic acid, ke tones, phe nol and cre sols. No hy drocar bons of high mo lec u lar weight ap pear. The com po si tion of the gas frac tion in cludes car bon mon ox ide and di ox ide, which are not ob served in the poly eth yl ene py rol y sis. 
Table 2. Continuation
The to tal pro duc tion of gas is cal cu lated by pos ing a bal ance to ni tro gen. In the case of the ex per i ments of co-py rol y sis of pine saw dust and poly eth yl ene, the gas yield in creases as the op er a tion tem per a ture in creases. This be hav iour is es pe cially sig nif i cant be tween 685 and 730 ºC. For higher tem per a tures, the gas is the main frac tion ob tained from the ther mal deg ra da tion. It is ob served that as the gas yield in creases, the liq uid and the wa ter yields de crease. In ad di tion, the com po si tion of the wax and oil frac tions becomes less com plex as the tem per a ture in creases, with fewer com pounds ap pear ing in the mix ture.The vari a tion of the gas heat ing value for the dif fer ent op er a tion tem per a tures is shown in fig. 2 . The most im por tant in crease is ob tained be tween 685 and 780 ºC, due to the gen er a tion of com bus ti ble gases, and ob serv ing no sig nif i cant vari a tion over 780 ºC. At higher tem per a tures the yield to light gases still in creases. How ever the crack ing of C 2 and C 4 com pounds is more in tense, di min ish ing its con cen tra tion and ex plain ing the observed trends.
Re gard ing the syn er getic ef fects of the co-py rol y sis of the mix tures on the global yields, the ac tual gas pro duc tion is greater than the cal cu lated amount. The dif ference in creases with the op er a tion tem per a ture, the max i mum dif fer ence oc cur ring at 850 ºC, in di cat ing that the depolymerization oc curs to a greater ex tent. This ob ser va tion is co her ent with the re sults ob tained in thermogravimetric stud ies [24] and could be related to the greater im por tance of the re ac tions occuring in the free board.
Com par ing the ex per i men tal and cal cu lated gas com po si tions, the only sig nif icant dif fer ences are ob served in the per cent age of hy dro gen and car bon mon ox ide. Ex per i men tal pro duc tion of hy dro gen is higher than the cal cu lated pro duc tion at 640, 780, and 850 ºC, whilst this value is lower than the cal cu lated fig ure for the other tem per a tures tested. The vari a tion of hy dro gen pro duc tion (vol.%) vs. tem per a ture is shown in fig. 3 . It can be ob served that de spite the low val ues ob tained when ex pressed in weight, hy dro gen is one of the main com po nents of the py rol y sis gas. The gen er a tion of hy dro gen in creases as the tem per a ture in creases, with a sharp in crease for tem per a tures higher than 730 ºC.
The car bon mon ox ide ob tained is orig i nated by the bio mass deg ra da tion, ba sically from the re ac tion of the for ma tion of levoglucosan and its fur ther deg ra da tion to form car bon mon ox ide and wa ter, al though CO is also formed in the decarboxylation reac tions. The yield to CO at dif fer ent tem per a tures fol lows a sim i lar trend to that ob served for hy dro gen, and has been noted by var i ous au thors [27] . Since CO is orig i nated by the saw dust de com po si tion, the in crease in pro duc tion in the case of mix tures in di cates an ac cel er a tion of this pro cess in the pres ence of poly eth yl ene.
The ex per i men tally ob tained pro duc tions of meth ane and eth yl ene, ba si cally formed dur ing the py rol y sis of poly eth yl ene, do not dif fer sig nif i cantly from the cal culated val ues. On the other hand, the C 3 , C 4 , and C 5 ex per i men tal yields are lower than the cal cu lated ones (fig. 4) . Al though the vari a tion is small its in flu ence is im por tant due to the con tri bu tion to the gas heat ing value.
Some dif fer ences be tween the ex per i men tal and cal cu lated re sults are also observed in the com po si tion of oils and waxes.
The pro duc tion of oils de creases as the tem per a ture in creases. The ex per i men tal yields are al ways lower than the cal cu lated av er age for the py rol y sis of pure saw dust and HDPE. The max i mum dif fer ence is ob served at 850 ºC, at which the yield in the co-py rol - y sis ex per i ments is 50% of that ob tained in the py rol y sis of pine saw dust, and 30% of that ob tained in the py rol y sis of HDPE. The gen er a tion of wa ter in the co-py rol y sis ex per iments is higher than ex pected (twice the value cal cu lated at 685, 730, and 780 ºC). The small est dif fer ence is ob served at 640 ºC.
The to tal amount of ole fines ex per i men tally ob tained is lower than the cal culated value. It is ob served that the yield to heavier waxes (be tween C 19 and C 60 ) is higher at lower tem per a tures, whilst the yields to C 5 , C 9 , and C 19 are lower than the cal cu lated val ues. A lower amount of in ter me di ate frac tions in di cates an in creas ing im por tance of gas phase re ac tions, ex plain ing the in creas ing yield to gas. As the op er at ing tem per a ture in creases, the trend changes, the yield be ing lower than the cal cu lated val ues. Ap par ently, at the low tem per atures tested, the pres ence of the saw dust in duces a de lay in cracking of the heavier olefinic fraction. This effect is less significant at high temperatures.
The rel a tive im por tance of the pro duc tion of diolefines, ole fines and parafines ( fig. 5 ) has also been stud ied. In gen eral, slight differences are ob served. The rela tive im por tance of ole fines and parafines de crease when compared to the pro duc tion of diolefines. This be hav iour be comes less ev ident as the tem per a ture in creases. These re sults dif fer from those pre sented by Jakab and Blazsó [28] , who ob tain a de crease of alcadienes and an in crease of alkenes. How ever, it should be noted that the re sults cor re spond to mix tures of poly eth yl ene and char coal or car bon black, with acid groups that can act as H donors, lead ing to an hy dro ge na tion of the pri mary rad i cals from polyehtylene. This would in dicate, at least, a slight in ter ac tion be tween the pro cesses of ther mal deg ra da tion of saw dust and HDPE, which re sult ing in a faster de com po si tion of the saw dust. The in ter ac tion also affects the mech a nism of HDPE de com po si tion, in creas ing the insaturation of the ob tained prod ucts. In prin ci ple, the b-scission of pri mary rad i cals is fa voured (gen er at ing alkenes and alkadienes) in stead of the intermolecular hy dro gen trans fer (gen er at ing al kanes).
The ex per i men tal pro duc tion of ar o matic hy dro car bons is gen er ally lower than the cal cu lated val ues, with the max i mum dif fer ence ob served at 730 ºC. An anal y sis of the in di vid ual, non-ox y gen ated ar o matic com pounds (ben zene, to lu ene, indene, naphtalene and heavier) shows that the ex per i men tal val ues are lower than the cal cu lated val ues for the dif fer ent tem per a tures tested. The gen er a tion of these com pounds in creases with the tem per a ture. Re gard ing the pos si ble syn er getic ef fect, the max i mum dif ference be tween ex per i men tal and cal cu lated re sults is ob tained at 730 ºC:10 g/g mix ture vs. 5.1 g/g mix ture . It should be noted that the ex per i men tal yields to com pounds heavier than naphtalene are higher than the cal cu lated val ues for tem per a tures higher than 780 ºC, as can be ob served in fig. 6 .
Re gard ing the ox y gen ated ar o matic com pounds, the ex per i men tal pro duc tion is lower than the cal cu lated value for the dif fer ent tem per a tures tested, as it can be ob served in fig. 7 . These com pounds are formed in the ther mal de com po si tion of pine saw dust. It ap pears that the co-py rol y sis of both ma te ri als fa vours the re ac tions of elim i na tion of water from the ox y gen ated com pounds, ex plain ing the lower gen er a tion of this type of product and the higher pro duc tion of wa ter and H 2 . From the above ob ser va tions, it can be stated that dur ing the co-py rol y sis of mix tures of pine saw dust and poly eth yl ene, an in crease of the gas eous frac tion is observed, es pe cially of hy dro gen and car bon mon ox ide. The in crease of the yield to H 2 is due to the fact that the re ac tions of wa ter elim i na tion from the ox y gen ated com pounds are fa voured. This would also ex plain the ob served in crease of the wa ter pro duc tion and a lower con cen tra tion of the ox y gen ated com pounds found in the liq uid frac tion. Re garding the gen er a tion of CO, and given that it is formed only from the bio mass, the in crease ob served could be due to an ac cel er a tion of the saw dust de com po si tion pro cess. In prin ciple, it is as sumed that this ac cel er a tion is due to in ter ac tion with the rad i cals gen er ated dur ing the HDPE deg ra da tion [29] . This in ter ac tion would also ex plain the ob served vari a tions in the pro duc tion of com pounds C 3 , C 4 , and C 5 in the gas frac tion and also the olefinic com pounds in the liq uid frac tion, di rectly formed dur ing the ther mal de com po sition of poly eth yl ene [30, 31] . This be hav iour seems to in di cate a slower HDPE de com posi tion, pos si bly due to a higher con sump tion of rad i cals in the de com po si tion of the lignocellulosic ma te rial, and a lower rate of hy dro car bon crack ing. The evo lu tion of the dif fer ent com pounds is com plex since they are prod ucts of the de com po si tion of the heavier frac tions whim, in turn, de com pose to wards lighter frac tions.
Conclusions
An ex per i men tal study of co-py rol y sis of mix tures of poly eth yl ene and pine saw dust in a fluidised bed re ac tor car ried out at dif fer ent tem per a tures in pyrolytic con di - tions shows that the gas yield in creases with the in crease in the tem per a ture for the pure com po nents and for the mix ture. The main gases pro duced from the co-py rol y sis pro cess were, at low tem per a tures, car bon mon ox ide, eth yl ene, car bon di ox ide, pro pyl ene, bu tadiene, methane and pentadiene, while at high tem per a tures the gas com po si tion changed dras ti cally, the main gas be ing car bon mon ox ide (more than 33 wt.%), and oth ers be ing eth yl ene, meth ane, ben zene and hy dro gen. The co-py rol y sis of bio mass and HDPE produces a gas of greater av er age heat ing value than the ob tained with biomas alone, with a lower pro duc tion of tars.
The higher yield of CO ob tained in the co-py rol y sis for the dif fer ent tem per atures tested cor re sponds to a higher saw dust con ver sion. The emis sion of CO at low temper a tures in di cates an ear lier deg ra da tion com pared to the py rol y sis of pure saw dust, which co in cides with a de lay of the crack ing of the waxes of high mo lec u lar weight and a lower pro duc tion of light com pounds in the liq uid frac tion from poly eth yl ene py rol y sis.
The in crease of the pro duc tion of gas and the lower gen er a tion of frac tion C 5 -C 19 could be due to a greater im por tance of the gas phase re ac tions, due to the par ticles of char formed.
In the co-py rol y sis, a lower amount of ox y gen com pounds is formed, ba si cally ar o matic al co hols, and there is an in crease in the pro duc tion of wa ter. The pro duc tion of liq uids, apart from wa ter, was lower than ex pected.
These re sults in di cate the ex is tence of a syn er getic ef fect in the de com po si tion of these two ma te ri als, pos si bly due to the ex is tence of par ti cles of char orig i nated in the py rol y sis of saw dust.
